INTRODUCTION

Potassium (K +
channels are membrane proteins present in a variety of tissues that contribute to a wide range of physiological processes regulating muscle contraction, heart rate, neurotransmitter release, insulin secretion, neuronal excitability, epithelial ionic transport and cell volume regulation. Among the 80 genes encoding K + channels, the inward rectifier K + channel (Kir) family comprises seven members, according to their amino acid sequence homology (1) . They can be found in muscle (KCNJ2, KCNJ11 and KCNJ18), heart (KCNJ2, KCNJ3, KCNJ5 and KCNJ11), brain (KCNJ3, KCNJ6, KCNJ9 and KCNJ11), epithelial (KCNJ1 and KCNJ2) and many other tissues (2 -9) . Comprised of two transmembrane domains, a prototypic K + -selective pore, and two intracellular (N and C) terminal domains, Kir channels function as tetramers (10 -13) . Mutations in the KCNJ gene family are known to cause six inherited disorders in humans and one in mouse: Bartter's syndrome (14) , syndrome of persistent hyperinsulinemic hypoglycemia in infancy (15, 16) susceptibility to thyrotoxic hypokalemic periodic paralysis (4), the weaver phenotype in mice (17) , short QT syndrome (18) , J wave syndrome (19) and Andersen's syndrome (AS) (20) . None of these disorders have reached the clinical complexity reported in AS patients, ranging from periodic paralysis to cardiac dysrhythmia and bone malformations (21) . The latter can manifest as short stature, hypertelorism, clinodactyly, syndactyly, micrognathia, mandibular retrognathia, low-set ears, scoliosis, broad forehead, and brachydactyly, arched or cleft palate, ptosis, and dental abnormalities (20, 21) . Kir2.1 knockout mice die few hours after birth due to cleft palate (22) .
The role of the Kir2.1 channels is classically associated with the regulation of membrane potential at rest in excitable tissues such as muscle, and also with the late repolarizing phase in cardiac action potential. However, their role in bone morphogenesis remains poorly explored.
Bone is composed of osteoblasts, osteoclasts, osteocytes and an extracellular matrix. The latter is produced by osteoblasts and becomes mineralized by the deposition of calcium hydroxyapatite. Bone remodeling is a finely controlled process that is tuned by osteoblast and osteoclast activities. Many transcription factors and hormones have been described to regulate bone formation (23) . Despite the identification of an inwardly rectifying K + channel in osteoblasts and osteoclasts (24, 25) , little is known about the contribution of these ion channels to bone morphogenesis. In the present study, we describe the presence of Kir2.1 channel currents in human osteoblasts and explore their role in osteoblastogenesis. We conclude that the Kir2.1 channel function is a prerequisite for a proper mineralization of the extracellular matrix.
RESULTS
Phenotypical aspects
It has been shown that myoblast precursor cells can differentiate, in vitro, either into muscle or bone lineage depending on the culture medium. We have previously shown that AS and control patient cells are fully capable of differentiating into myoblastic lineage (26) . When medium was switched to the osteoblastic medium, we observed that while control cells form a connected network (Fig. 1A and B) , AS osteoblasts remained in an aligned configuration ( Fig. 1C and D ).
Inwardly rectifying current in osteoblasts
To monitor the presence of an inwardly rectifying current in the differentiated osteoblasts from AS and control patients, cells were cultured in 35 mm dishes and recordings were performed using a whole-cell patch-clamp technique. In undifferentiated cells, only a small inward current was recorded at depolarized potentials in both cell types (data not shown). However, after 15 days of differentiation, a larger inwardly rectifying current was recorded in control cells, but was absent in AS osteoblasts (Fig. 2) . The current density was a 5-fold higher in control cells than in AS osteoblasts (Fig. 2) . These currents were BaCl 2 -sensitive in a manner similar to the cells described earlier (26) .
AS cells have a low alkaline phosphatase activity
Alkaline phosphatase is an enzyme that hydrolyzes the pyrophosphate to provide the inorganic phosphate contained in the hydroxyapatite crystals. Alkaline phosphatase is a good marker for osteoblastogenesis as it has high activity during this process. We monitored the activity level of this enzyme in both control and AS cells using the fast violet staining technique. Our data show that healthy cells have a strong alkaline phosphatase activity after 15 days of differentiation ( Fig. 3A and C) . However, only few AS cells exhibit alkaline phosphatase activity before and after differentiation ( Fig. 3B and D) . Alizarin Red S is a composite that can covalently bind to hydroxyapatite deposits at the cell surface. After 15 days of osteogenic differentiation, we observed a stronger alizarin staining in controls than in AS patient cells (Fig. 4A-D) .
Silver staining (Von Kossa) was also used to monitor the presence of hydroxyapatite at the cell surface. Indeed, silver nitrate has the property to form dark precipitate with the Ca 2+ ions present in the hydroxyapatite crystals when it is exposed to light. As shown in Figure 4E -H, control cells have much stronger dark staining after 15 days of differentiation than in AS patient cells.
The quantification of Alizarin Red in the extracellular medium showed that AS cells produced about 10 times less hydroxyapatite deposit than in control cells (Fig. 4I ).
Kir2.1 blockade in control cells prevents extracellular matrix formation
When applied extracellularly at low concentrations (500 mM), Ba 2+ ions preferentially block inwardly rectifying currents. Current recordings from differentiated control cells revealed the presence of a Ba 2+ -sensitive current with inwardly rectifying properties (Fig. 2) .
We found that when the inwardly rectifying current is blocked with Ba 2+ during the differentiation process, there was no apparent staining either inside (alkaline phosphatase activity) or outside (extracellular matrix) of the control cells (Fig. 5 ). The magnitude of inhibition of hydroxyapatite formation is similar to that observed in AS osteoblasts (Fig. 5G) . To confirm the Kir2.1-dependent hydroxyapatite formation, control cells were infected with adenovirus-encoding Kir2.1 mutant channels (AdKir2.1-D71V-EGFP), carrying a dominantnegative mutation that has been associated with AS (20, 27) . These channels were fused to the enhanced green fluorescent protein (EGFP) allowing a convenient way for monitoring efficient channel expression. Control experiments, using adenoviruses carrying EGFP alone, showed that infection of osteoblasts did not interfere with extracellular matrix formation ( Fig. 6A and C) . However, cells that have been infected with AdKir2.1-D71V-EGFP lost their ability to mineralize the extracellular matrix ( Fig. 6B and D) .
Rescue of the osteogenic activity in AS osteoblasts
To demonstrate that the lack of active Kir2.1 in AS osteoblasts is the only reason to prevent osteogenic differentiation, we performed a rescue experiment in these cells. To restore Kir2.1 channel function, we infected AS patient cells with the AdKir2.1-EGFP adenovirus. Control experiments showed that overexpressing EGFP in AS cells does not restore extracellular matrix formation (Fig. 7A and C) . However, the overexpression of the wild-type form (WT) of the Kir2.1 channels (AdKir2.1-EGFP) resulted in the formation of hydroxyapatite as revealed by the dark deposit at the cell surface using silver staining ( Fig. 7B and D) .
DISCUSSION
The importance of ion channels in excitable cells (e.g. striated myocytes and neurons) is indisputable because of their role in the development of many human disorders. Their activity has also been recognized in non-excitable cells, contributing to Figure 4 . AS osteoblasts have reduced extracellular matrix synthesis. Cells were cultured in proliferation medium until they reached 80% of confluence, then they were induced to osteogenic differentiation during 15 days. Extracellular hydroxyapatite was revealed with Alizarin Red S or Von Kossa stainings before and after differentiation. Control, before (A) and after (B) differentiation, and AS, before (C) and after differentiation (D), cells are shown. (E-H) Cells were stained with silver nitrate (Von Kossa): control cells before (E) and after (F) differentiation; AS cells before (G) and after (H) differentiation. Note the lower presence of the dark deposit in AS patient cells compared with the controls. (I) Quantification of alizarin staining for control (blue) and AS (red) cells: after staining, Alizarin Red was dissolved and optical density of the samples was monitored at 405 nm. Each value represents the average of five independent experiments for three controls and three AS patients. Statistical data were obtained using Student's t-test.
* P , 0.05.
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cellular homeostasis in epithelial transport, endocrine and immune system function. However, little is known about the contribution of the ion channels in bone morphogenesis. AS patients and Kir2.1 knockout mouse provided evidences that Kir2.1 channels may play an unanticipated role in bone formation because of the developmental features that were observed (20, 22) . Furthermore, a study of Kir2.1 messenger ribonucleic acid (mRNA) expression in rat shows that Kir2.1 is expressed in bone structures, head, limbs and body at embryonic day 12 (28). AS could be a good model to study not only excitability in muscle and heart, but also the mechanisms involving a potassium channel in bone morphogenesis. Despite the rare nature of the disease, we took advantage of three muscle biopsies from Vastus lateralis of AS patients and control individuals (26) to show that these cells have the ability to differentiate into myotubes (26) and also into the osteoblastic lineage as they derive from a common progenitor (mesenchymal stem cells) (29, 30) . In the present study, we demonstrate for the first time that normal Kir2.1 function is required for the extracellular matrix secretion during osteoblastogenesis.
Using the patch-clamp technique, we first showed that human osteoblasts expressed mainly three types of ion channels at the cell membrane: a voltage-gated tetrodotoxin-sensitive channel, most likely carried out by sodium, a delayed rectifier channel and an inwardly rectifying channel that is carried by the Kir2.1 channels. Similar current components, including the inwardly rectifying K + current, have been reported in human osteoblastlike cells (31) , confirming the importance of this class of channels in these cells. This current was missing in AS patient cells that underwent osteoblastic differentiation, confirming the dominantnegative effect of the KCNJ2 mutation carried by AS patients. These cells were able to proliferate normally, but were not capable of producing a mineralized extracellular matrix.
In order to demonstrate the key role of these channels in extracellular matrix formation, the Kir2.1 activity was blocked in osteoblasts from healthy individuals using two different ways. First, we used low Ba 2+ concentrations (500 mM) to specifically block Kir2.1 channel activity. Despite the fact that in other cell types, Ba 2+ can stimulate osteoblastogenesis (32), we found that bathing control osteoblasts in low Ba 2+ concentrations prevented extracellular matrix formation. Secondly, silencing endogenous Kir2.1 channels with a mutated form of the channels in control osteoblasts resulted in a loss of the extracellular matrix formation. These data reveal that osteoblasts missing Kir2.1 channel function are no longer capable of performing their primary task.
We were also able to demonstrate that hydroxyapatite formation, lost in AS osteoblasts, could be restored by overexpression of the Kir2.1 WT form in these cells.
These data demonstrate that extracellular matrix synthesis is modulated at the cell membrane level, by reversibly controlling Kir2.1 channel function.
Bone is a widespread mineralized tissue and its formation is achieved by osteoblasts. Mature bone tissue is composed of collagen and a crystalline carbonated hydroxyapatite, an inorganic calcium phosphate mineral. Osteoblasts concentrate calcium and phosphate ions within intracellular compartments in the form of a disordered mineral precursor phase (33). The mineral particles are then extruded into the extracellular collagen matrix, where they eventually crystallize. Alkaline phosphatase is essential for the process of mineralization, in which minerals such as calcium and phosphorus are deposited in developing bones and teeth. In AS osteoblasts, mineralization is probably prevented by phosphorus deficiency that is due to a low alkaline phosphatase activity (Fig. 3) .
The mechanisms involving the Kir2.1 channels in extracellular mineralization have not been fully elucidated but we can 
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propose few hypotheses. We propose first that Kir2.1 could be implicated in cell signalization by controlling cell membrane integrity at rest. By maintaining cell membrane at hyperpolarized potentials, these channels allow a better control of the different cell surface signaling pathways. These potassium channels may control key signaling pathways that are crucial for osteoblast differentiation and function. The developmental features observed in AS patients and Kir2.1 knockout mice have provided valuable information when compared with other knockout mice with the cleft palate phenotype. Indeed, knockout mice for transforming growth factor beta (TGFb) have cleft palate (34, 35) . Mutations in the TGFb receptors (TGFBR1 or TGFBR2) cause Loeys-Dietz syndrome, which presents with cleft palate and other craniofacial and cardiovascular abnormalities (36) . Moreover, knockout of bone morphogenetic protein 4 (BMP4) in mice also interferes with normal tooth growth (37) (38) (39) (40) . Mice with deleted Pax9 (paired box protein Pax-9), which activate BMP4, have also a cleft palate (41) . Knockout mice of Msx1, which encodes for a homeobox gene family, have cleft palate and failure of tooth development (42) . These data could be correlated with a recent study, suggesting that BMP/TGFb processes may be affected in the absence of Kir2.1 function in Drosophila (43) . Taken together, these observations suggest that Kir2.1 channels are part of multiple regulatory pathways controlling bone development. Bone formation is well controlled by a fine balance between osteoblast and osteoclast activity. Inward rectifier currents are expressed in osteoclasts as well (24, 25) . Further studies are needed to better define the role of the inwardly rectifying K + channels in the control of bone homeostasis.
In this study, we demonstrated that osteoblasts from control individuals were capable of producing hydroxyapatite. However, AS osteoblasts are unable to synthesize hydroxyapatite that is reminiscent of the bone dysmorphologies observed in AS patients as well as in Kir2.1 knockout mice. We were also able to rescue this function in AS cells by overexpressing normal Kir2.1 channels. Kir2.1 overexpression was able to restore bone extracellular matrix formation in diseased osteoblasts; therefore, targeted gene transfer could offer a potential therapeutic alternative for bone regeneration.
MATERIALS AND METHODS
Patients, biopsies and cell culture
Myoblasts were obtained from Vastus lateralis muscle biopsies from three AS patients during the diagnostic process and as res nullus after orthopedic surgery from three matched controls (26) . The cells were seeded and characterized as described earlier (26, 44) . After biopsy isolation, myoblasts were maintained at 378C in a humidified 5% CO 2 atmosphere in the following culture medium: 80% HAM F-10, 20% calf serum, 10 ng/ml basic fibroblast growth factor (bFGF), 1 mM dexamathasone, 2 mM glutamine, 100 U/ml penicillin and 100 U/ml streptomycin.
Osteogenic differentiation was induced when cell culture reached 30% confluence for electrophysiology experiments (in order to record single uncoupled cells), and 80% confluence for biochemical assays. The following medium was used to induce the differentiation into osteoblasts: 90% minimum essential medium alpha (a-MEM), 10% calf serum, 0.1 mM dexamethasone, 172 mM ascorbic acid phosphate, 5 mM bglycerophosphate, 10 nM vitamin D 3 , 2 mM glutamine, 100 U/ml penicillin, 100 U/ml streptomycin and 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) during 15 days. The culture medium was changed twice a week. When used, BaCl 2 at 500 mM was added extracellularly.
Electrophysiology
Recordings were conducted in the whole-cell configuration (45) at room temperature ( 248C), using an EPC-10 amplifier (HEKA Electronic, Germany). The pipette solution contained (mM): 110 KCl, 5 NaCl, 2 MgCl 2 , 10 ethylene glycol-bis(2-aminoethylether)-N,N,N ′ ,N ′ -tetraacetic acid (EGTA) and 5 mM HEPES, pH 7.3. The bathing medium was (mM): 100 N-methyl-D-Glucamine-Cl, 5 KCl, 2 MgCl 2 , 50 NaOH, 50 acetic acid and 5 HEPES, pH 7.3. Membrane currents were elicited by depolarizations ranging from 2120 to +40 mV, from a holding potential of 280 mV. For accurate voltage-clamp recordings, only cells with series resistance less than 5 MV were used for analysis. Data acquisition and analysis were performed using Patchmaster and Fitmaster (HEKA Electronic, Germany), and IgorPro (WaveMetrics, Inc., OR, USA) softwares. Glass capillaries (Hematocrit, Modulohm A/S, DK) were pulled with a PC-10 Narishige puller, and had resistances of 1.5-4 MV.
Alizarin Red S staining
Cells were washed with phosphate-buffered saline (PBS) solution, and then fixed for 15 min in a 10% formaldehyde solution. After fixation, cells were washed with PBS one time and three times with distillated water and incubated for 30 min in a 1% alizarin solution. After staining, cells were washed with distilled water four times and visualized by phase microscopy.
For Alizarin quantification, cells were incubated for 30 min in 10% acetic acid. Cells were then scraped from the plate and transferred (with the acetic acid solution) to a 1.5 ml microtube. After vortexing 30 s, the solution was topped with 500 ml of mineral oil and heated at 858C for 10 min. The tube was then cooled on ice for 5 min. After cooling, the solution was centrifuged at 20 000 g for 15 min, and 500 ml of the supernatant was transferred to a new 1.5 ml microtube. The pH was adjusted between 4.1 and 4.5 with ammonium hydroxide. The amount of alizarin was then determined after reading the optical density at 405 nm in a spectrophotometer.
Silver nitrate staining
Cells were washed with PBS, and then fixed for 15 min in a 10% formaldehyde solution. After fixation, cells were washed once with PBS and twice with distilled water. They were then incubated in a 1% silver nitrate solution and exposed to light until apparition of dark staining. After staining, cells are washed three times with distilled water and visualized by phase microscopy.
Alkaline phosphatase staining
Cells were washed with PBS and fixed 30 s with a citrate acetone solution at room temperature. They were washed with distillated
water and incubated in a fast violet solution for 30 min at room temperature in the absence of light. Then cells were washed with distilled water two times and incubated between 5 and 10 min in Mayer's hematoxylin solution. After a last wash with distilled water, cells were visualized by phase microscopy.
Adenovirus transduction
Cells were seeded in 12-well plates (30 000 cells per well) and induced to differentiate into osteoblasts in the differentiation medium (described earlier). At Day 4 of differentiation, cells were infected with adenovirus (10 7 pi per well) with 4 mg/ml of polybrene to enhance infection efficiency. Cells from AS patients were infected with adenovirus carrying the Kir2.1-WT fused to the EGFP or carrying the EGFP alone. Cells from healthy individuals were infected with adenovirus carrying the mutant Kir2.1 fused to the EGFP or the EGFP alone (D71V-EGFP or D314-315-EGFP).
At Day 15 of differentiation, cells were stained with silver nitrate and visualized by phase microscopy.
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